A nthropogenic habitat fragmentation is recognized as one of the greatest threats to wildlife populations and biodiversity (Kruess and Tscharntke 1994) . Area reduction and patch separation may trigger decreases in population size and migration among patches and, in turn, increase the chance of extinction of the smallest and most isolated populations (Robinson et al. 1992) . Reduced population size can have negative consequences for genetic diversity due to heightened potential for inbreeding and inbreeding depression, and the prevalence of stochastic phenomena (drift) over other evolutionary mechanisms (Frankham et al. 2002) . While study of the molecular ecology of small populations in fragmented landscapes has become enormously productive for the fields of genetics and landscape ecology, the analysis of cultural transmission in conditions of fragmentation has not yet been addressed, despite the fact that cultural evolution is strikingly similar to its genetic counterpart in some important ways (eg occurrence of variation, selective pressure, heritability, and drift; Boyd and Richerson 1985) . Culture, defined as any variation acquired and maintained by social learning, can be extremely susceptible to change over time due to its Lamarckian process of transmission, in which information passes vertically, horizontally, and/or obliquely (Cavalli-Sforza and Feldman 1981) . Such transmission across generations can cause cultural evolution to proceed at a much faster rate than genetic evolution. Cultural mutations, which occur more frequently than genetic mutations, may allow for the accumulation of new mutants even while migration assures the genetic homogenization of populations (Lynch and Baker 1994) . Like genetic drift, cultural drift is expected to act more strongly in patchy and small populations, conditions that may arise due to natural geographic barriers (eg seas, mountain ridges), but also habitat loss (Thielcke et al. 1982) . Cultural information may therefore be easily lost in small or severely declining populations and those isolated populations might then culturally diverge (Lynch 1996) .
Bird song is a classic example of a cultural trait in a nonhuman animal (Catchpole and Slater 1995) , and its remarkable variation offers the opportunity to analyze whether culture or cultural diversity respond to habitat fragmentation, an issue that has not been considered until recently Tella 2005, 2006a) . In this paper, we analyze the consequences of habitat fragmentation for the acoustic repertoire of Dupont's lark (Chersophilus duponti; Figure 1 ) in Spain. This threatened songbird inhabits flat, natural steppelands, a habitat that has been reduced to a series of fragments of variable size and isolation . These steppe remnants may resemble islands (eg small size, barriers of hostile habitat hampering dispersal), but have been isolated for much shorter periods than oceanic islands (< 50 years). Dupont's lark is extremely habitat selective, shows high site fidelity, and forms apparently stable communities of territorial males (Laiolo and Tella 2006b; Laiolo et al. in press ). These attributes make Dupont's lark a good model for investigating whether cultural diversity of populations responds to landscape and demographic parameters associated with fragmentation, such as patch size, isolation, population size, and individual dispersal distance.
Methods
Over the period 2004-2006, we comprehensively surveyed Dupont's lark in Ebro Valley (Figure 2 ), a 10 500 km 2 dry plain where patches of natural shrub steppe vegeta-
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In the study of fragmented populations, genetic diversity has received a good deal of attention, whereas traits that are not genetically inherited have been generally overlooked. We analyzed variation in cultural traditions (song and call repertoire) of a small songbird, Dupont's lark (Chersophilus duponti), with respect to landscape and demographic parameters associated with anthropogenic habitat fragmentation. As patch size, male population, and mean dispersal distance decrease, individual and population song repertoires pass through a cultural bottleneck and significantly decline in variety. Similarly, isolation is associated with impoverishment of population call pools. That declining populations face problems of cultural erosion, possibly anticipating extinction, suggests cultural diversity should be taken into account when dealing with the conservation of species in which social learning is important. Cultural elements could be viewed as a novel, fourth level of biodiversity that may complement the traditional dimensions of ecosystem, species, and genetic diversity. tion are scattered among prevailing cereal cultivations. We studied 24 steppe remnants, which differed in size, isolation, and lark population size. We focused on the two most common vocalization types: the song and the territorial call (Panel 1). In study fragments, we digitally recorded a total of 216 calling individuals and 113 singing individuals from an estimated 450 males. We visually inspected > 5600 spectrograms of territorial call and song types to classify sequences within individuals and populations on the basis of spectrogram shape, timing, frequency, and note number (see Tella [2005, 2006a] ). Repertoire was estimated blindly by a single observer, to ensure the consistency of both the classification and the relative ranking of birds on the basis of repertoire size (Forstmeier et al. 2006) . We expressed song and call repertoire size as the number of song and call types occurring within the repertoire of individuals (individual repertoire size) and populations (population repertoire size). Recording time was equal for all individuals, although the number of males sampled per patch varied in relation to population size. In patches occupied by < 10 males, we recorded a slightly greater proportion of individuals (66-100%) than in larger populations (40-90%). Saturation curves showed that population repertoire size did not suffer from sampling biases.
Front Ecol Environ
Descriptors of landscape structure (patch size, straight line distance between occupied patches) and demography (male population size and dispersal) were calculated for each patch. Landscape indices were from aerial orthophotos (geometrically corrected aerial photos) of the study area and from previous research . Demographic descriptors were extracted from acoustic information and from previous research . Individual recognition by spectrogram inspection allowed us to estimate the number of vocalizing males, a measure that was coupled to standard census data (territory mapping) to accurately establish male population size per patch (Laiolo and Tella 2006b ). The great acoustic constancy of individual territorial calls over time permitted us to track interannual dispersal movements of 67 adult birds that were repeatedly recorded and acoustically identified in 22 study patches. (Laiolo et al. [in press ] tested the acoustic marking method with banded Dupont's lark males.) Interannual movements of acoustically tracked birds were averaged to derive an index of individual movement per patch. To test for relationships between individual repertoire size and landscape or demographic descriptors, we used generalized linear mixed models (GLMM) with Poisson distribution of error 
Discussion
Habitat conversion to agricultural land has eliminated 40% of Dupont's larks in the Ebro Valley and, as this study suggests, is disrupting the population dynamics and communication systems of the remaining populations. Species demography is markedly influenced by habitat loss, with small areas hosting low numbers of males. Dispersal, which is normally quite limited in this species, is further restricted when availability of suitable habitat decreases. The demographic changes following steppe reduction are probably responsible for the impoverishment of songs in small habitat fragments. This is due to the indirect effect of population size and dispersal on social environment, one of the factors controlling song repertoire variety (Kroodsma 1988) . New song types arise during transmission of a mutation or improvisation from one individual to another, and are more likely to originate in larger than in smaller populations (Lynch 1996) , as larger populations host greater numbers of adult tutors, fuelling song diversity. and with patch identity entered as a random factor (GLIMMIX macro in SAS 8e) . To analyze population repertoire, we built generalized linear models (GLM) with Poisson distribution of error (GENMOD in SAS 8e).
Results
Individuals from small patches had a lower number of song types than those from larger fragments (GLMM, F 1,90 = 13.43, P = 0.0004). The same pattern was observed at the population level, with smaller population song repertoires recorded in smaller patches (GLM, F 1,21 = 47.4, P < 0.001; Figure 5a ). The proximity of the nearest population affected the call repertoire size of populations, with fewer call types recorded in the more isolated patches (GLM, F 1,22 = 6.83, P = 0.009; Figure 5b ).
Fewer song types were observed in smaller populations (individual level: GLMM, F 1,90 = 25.90, P < 0.0001, Figure 6a ; population level: GLM, F 1,21 = 67.89, P <0.0001, Figure 6b ) and where mean individual interannual movements were shorter (individual level: GLMM, F 1,86 = 4.48, P = 0.0372; population level: GLM, F 1,19 = 16.15, P < 0.0001, Figure 6c ). Dispersal distance and number of males declined with patch area (linear
Panel 1. Dupont's lark vocalizations
Dupont's lark is an elusive bird that mainly concentrates its acoustic activity at the beginning and end of the night, when light is absent or poor. The song and the territorial call are the most common vocalizations; the former is mostly uttered in spring, whereas the latter is also given outside the breeding season.
Individual songs are made up of several discrete sequences (2-12 types per individual; five in the example of Figure 3 ), which are largely shared by neighboring males in spring. Both song type sharing (match of song types in the repertoire) and spectrotemporal matching (convergence in timing and frequency) are greater between countersinging neighbors than between non-neighbors in the same steppe patch, and song similarities between singing individuals only occur at short distances (Laiolo and Tella 2005) .
The individual territorial call consists of a few (1-3; two in the example of Figure 4 ), stereotyped and short call types that are maintained by males for many years.These calls are individually distinctive and may function to defend the territory and advertise individual identity (Laiolo and Tella 2006) . The latter feature has proved to be useful for identifying individuals through spectrographic analysis, permitting individual monitoring for long periods of time (Laiolo et al. in press) .
Yearlings appear to learn calling before singing, being exposed first to the former vocalization (in the summer of birth), then to the latter (in the following spring). In late summer, young individuals give their first territorial calls; these have a quavering harmonic structure and amorphous notes, and show instability in repertoire, but by early autumn may evolve into full, stable calls. The young birds call in the proximity of adult males, and their presence at a site is not constant through time (Laiolo et al. in press) . These young birds probably delay learning songs until the next spring, when they first come into contact with singing tutors in their settling territories. Dupont's lark populations are passing through a cultural bottleneck as they progressively diminish in size appears to be the most coherent explanation for our findings. This study shows that song impoverishment is apparently related to area reduction, whereas call loss depends upon patch isolation. These different responses to habitat fragmentation may be related to the divergent functions and transmission modes of these two vocalizations. The territorial call is used to advertise male identity; thus, birds benefit from differentiating rather than matching their calls and are not expected to copy call types and spread them when they move, because this would lead to misidentification. In line with this reasoning, individual call repertoire size is not affected by any landscape or demographic descriptor. On the other hand, the territorial call appears to be learned before dispersal in summer, when yearlings can hear calling (but not singing) adults (Panel 1; Laiolo et al. in press ). This would explain why population call repertoire depends on the proximity of other steppe patches; perhaps nearby fragments act as sources of new calls, conveyed by young immigrants to their new destination, so that the closer the patches, the greater the probability of a call being passed on. Indirect data on inter-patch movements, derived from records of individuals with territorial calls from a population other than the one of residence, suggest displacements of up to 11-13 km, approximately the cut-off distance at which call repertoire size starts dropping (Figure 6b ).
This study shows that songbird acoustic repertoire can be an indicator of habitat degradation and population decline, and thus might become a powerful tool for population monitoring. As a great deal of birdsong variation among populations is functionally neutral, it is generally thought that song traditions are not relevant to population biology or conservation (Whitehead et al. 2004) . However, song repertoire can influence mate choice. Thus, cultural divergence among sub-populations might eventually act as a barrier to gene flow, with potentially serious implications for Increases in population size, coupled with increases in individual mobility, can enhance the frequency of cultural mutations and that of bird interactions, and this is likely to enrich individual song repertoire through the establishment of new variants by behavioral matching (ie vocal mimicry; Ellers and Slabbekoorn 2003) . Where no barriers to bird movement exist, new variants that originate within groups of neighboring territories (see Panel 1) can circulate freely and spread throughout the steppe patch, carried by dispersing adults. In fact, Laiolo and Tella (2005) show that non-neighbor Dupont's lark males share more song types in non-fragmented than in fragmented steppes. In smaller patches, the number of tutor males to which wandering juveniles are exposed, mutation rate, and cultural transmission are limited by low male numbers and short dispersal distances. At the same time, the susceptibility to lose neutral song variants because of stochastic phenomena (eg cultural drift) is enhanced, resulting in poor individual and population repertoires. So far, only studies carried out on oceanic island birds report cases of marked cultural drift (Hamao and Ueda 2000) , but the phenomenon has never been examined in fragmented animal populations, which might present a natural experiment for studying the processes that lead to vocal variation.
We have argued that habitat loss is the principal cause of song repertoire reduction in populations of birds in small fragments, but two other hypotheses could be invoked. First, birds in small fragments might be in an early stage of colonization rather than on their way to vanishing, and thus would host a few individuals with a restricted and simplified subset of vocal forms (ie founder effect; Thielcke 1972). However, habitat loss has been well-documented in this region, as has the historical presence of Dupont's lark . Notably, the two smallest study populations fell from 20 males in 1990 to two and one, respectively, in [2004] [2005] , and eventually went extinct in the final year of the study. When first recorded (2004), these populations sang no more than 3-5 song types (6-10% of the repertoire of the largest population). A second alternative hypothesis is that song repertoire reduction might result from a relaxation of competition and inter-and intrasexual selection in populations with low numbers of males (Reynolds 1996) . In refutation of this, Laiolo and Tella (2006b) recorded significantly higher male density in spite of lower numbers in the smaller and more isolated patches, probably due to the species' reluctance to leave the natal site when faced with dispersal through hostile habitat. Greater densities of males would enhance male-male competition rather than suppress it (Clutton-Brock and Vincent 1991). Thus, the idea that More generally, the conservation of cultural units per se could be relevant for the maintenance of cultural diversity within animal species in which social learning is important (eg songbirds, parrots, cetaceans, bats, apes, elephants). Nonetheless, while the genetic diversity of small populations has become a constant concern in conservation biology, the idea that culture and cultural diversity should be taken into account in animal conservation planning is still recent (Ryan 2006) . Paradoxically, the term conservation applied to humans almost always refers to cultural attributes, whereas for all other forms of life it refers to genetic diversity (Whitehead et al. 2004) . The fact that birdsong traditions might be lost over very short periods and that acoustic repertoire reduction could be the prelude to population extinction suggests that studies of fragmented populations should not continue to ignore cultural processes. 
